L-Lactaldehyde is a branching point in the metabolic pathway of L-fucose and L-rhamnose utilization. Under aerobic conditions, L-lactaldehyde is oxidized to L-lactate by the enzyme lactaldehyde dehydrogenase, while under anaerobic conditions, L-lactaldehyde is reduced to L-1,2-propanediol by the enzyme propanediol oxidoreductase. Aerobic growth on either of the methyl pentoses induces a lactaldehyde dehydrogenase enzyme which is inhibited by NADH and is very stable under anaerobic conditions. In the absence of oxygen, the cell shifts from the oxidation of L-lactaldehyde to its reduction, owing to both the induction of propanediol oxidoreductase activity and the decrease in the NAD/NADH ratio. The oxidation of L-lactaldehyde to L-lactate is again restored upon a change to aerobic conditions. In this case, only the NAD/NADH ratio may be invoked as a regulatory mechanism, since both enzymes remain active after this change. Experimental evidence in the presence of rhamnose with mutants unable to produce L-lactaldehyde and mutants capable of producing but not further metabolizing it points toward L-lactaldehyde as the effector molecule in the induction of lactaldehyde dehydrogenase. Analysis of a temperature-sensitive mutation affecting the synthesis of lactaldehyde dehydrogenase permitted us to locate an apparently single regulator gene linked to the ald locus at 31 min and probably acting as a positive control element on the expression of the structural gene.
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L-Lactaldehyde is an intermediate metabolite formed during the dissimilation of the sugars L-fucose and L-rhamnose.
These two methyl pentoses are metabolized in Escherichia coli through inducible pathways that show a striking parallelism. Both pathways are sequentially mediated by a permease (16) , an isomerase (14, 26) , a kinase (17, 27) , and an aldolase (11, 13) . The stereochemical difference between the configurations of both sugars at carbon 2 and carbon 4 disappears with cleavage of the fuculose 1-phosphate or rhamnulose 1-phosphate by the corresponding aldolases, yielding in each case dihydroxyacetone phosphate and Llactaldehyde (Fig. 1) . The two homologous sets of inducible proteins are specific for the metabolism of their corresponding sugars and are coded for by two different gene clusters located on the E. coli chromosome at 60 min for fucose and 87 min for rhamnose (1) .
Further metabolism of L-lactaldehyde follows two different pathways, depending on the availability of oxygen. Under aerobic conditions, the aldehyde is oxidized to Llactate in an irreversible reaction catalyzed by the NADdependent lactaldehyde dehydrogenase (24) and L-lactate is further oxidized to pyruvate by a dehydrogenase of the flavoprotein class (12) . Under anaerobic conditions, L-lactaldehyde is reduced to L-1,2-propanediol by propanediol oxidoreductase in a typical fermentative mechanism in which NADH is oxidized to NAD and L-1,2-propanediol is excreted as a fermentation product (12) . Anaerobic growth of wild-type cells on fucose induces the active propanediol oxidoreductase enzyme, while aerobic growth induces an inactive form of the enzyme that becomes rapidly activated when the culture is shifted to anaerobiosis (3). Growth on rhamnose, in contrast, only induces the propanediol oxidoreductase enzyme (in the active form) under anaerobic conditions (3) . While propanediol oxidoreductase is encoded by the gene fucO of the fucose system (21), mutations affecting lactaldehyde dehydrogenase activity map well * Corresponding author.
apart from the fucose and rhamnose genes in the ald locus at 31 min (10) .
Alternatively, L-lactaldehyde may be formed in mutant cells (strain ECL3) that utilize L-1,2-propanediol (25) . The diol, used as a sole carbon and energy source in the presence of oxygen, enters the cell through a facilitator (15) and is subsequently oxidized to L-lactaldehyde (25) in a reaction corresponding to the reversa of the propanediol oxidoreductase-catalyzed reduction of L-lactaldehyde. In these mutant cells, under aerobic conditions (no propanediol is metabolized anaerobically), L-lactaldehyde is metabolized to Llactate and pyruvate and is introduced into the general metabolism as indicated above.
Several mechanisms may be invoked to explain the change from the oxidative pathway that leads to lactate under aerobic conditions to the reductive pathway that forms propanediol under anaerobic conditions. However, very little information is available to explain the adaptation to aerobic conditions by cells grown under anaerobic conditions. In this paper we present data that allow for the establishment of the factors involved in the aerobic-anaerobic regulation of lactaldehyde utilization. (23) .
Growth media and preparation of cell extracts. Cells were grown and harvested as described previously (2) . The carbon sources L-fucose, L-rhamnose, and glucose were added to a basal inorganic medium at a 10 mM concentration for aerobic growth and at a 20 mM concentration for anaerobic growth. For aerobic conditions glycerol was added at a 20 mM concentration and DL-1,2-propanediol was added at a 40 mM concentration; for anaerobic conditions glycerol was added at a 40 mM concentration and supplemented with 10 mM fumarate. Strain ECL289 (argA::TnJO eno) was grown on arginine-supplemented (20 ,ug/ml) mineral medium containing glycerol and succinate as combined carbon and energy sources (7) . To counterselect routinely for the excision mutants, we cultured strain JA-105 in the presence of 50 ,ig of kanamycin per ml and strain ECL289 in the presence of 12.5 ,ug of tetracycline per ml. Extracts were prepared as described previously (3), except that the buffer used was 10 mM sodium phosphate (pH 7.3) containing 10 mM ,-mercaptoethanol and 1 mM EDTA.
Enzyme assays. Lactaldehyde dehydrogenase was measured by using glycolaldehyde instead of lactaldehyde as the substrate (6) . Spectrophotometric assays were performed at 25°C by m,easuring the A340 (NADH formation) in a mixture (1 ml) that consisted of 1 mM glycolaldehyde, 2.5 mM NAD, and 100 mM sodium glycine buffer at pH 9.5. Propanediol oxidoreductase activity, measured during the selection of mutant strain JA-105, was determined as described by Boronat and Aguilar (3). One unit of enzyme activity was defined as the amount of enzyme that transformed 1 jimol of substrate per tnin. The concentration of protein in cell extracts and purified preparations was determined by the method of Lowry et al. (22) . 
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Immunological techniques. Antisera against lactaldehyde dehydrogenase were raised in New Zealand White rabbits with purified enzyme from strain ECL3 as the antigen. Purified lactaldehyde dehydrogenase (250 ,ug) in 300 ,ul of 10 mM sodium phosphate (pH 7.3) containing 150 mM NaCl was emulsified in an equal volume of Freund complete adjuvant, and the mixture was injected subcutaneously into each rabbit. Booster injections of 400 ,ug were given subcutaneously 2 and 4 weeks later. The rabbits were bled 1 week after the last booster injection. The globulin fraction was partially purified by 35% ammonium sulfate precipitation. Quantitative immunoelectrophoresis was performed as described by Laurell (19) . The agarose gel contained 0.4% specific globulins, and 50 ,ug of protein in 10 RI of cell extract was applied to each of the wells.
RESULTS
Induction of lactaldehyde dehydrogenase. Wild-type E. coli K-12 induced the synthesis of lactaldehyde dehydrogenase when grown on L-fucose or L-rhamnose under aerobic conditions ( Table 2 ). This induction was absolutely dependent on the presence of oxygen, as indicated by the absence of both activity and enzymatic protein when growth was carried out under anaerobic conditions. No inactive enzyme was detected under any conditions, as indicated by the constant ratio of specific activity to the height of the immunoprecipitate (rocket), except for the glucose culture, in which, owing to the low concentration of the enzyme in the extracts, the height of the rocket deviated from linearity. Control cultures on glucose or glycerol corroborated the absolute dependence of enzyme synthesis on oxygen, and they showed some catabolic repression effect by glucose and a rather high basal level of enzyme synthesis with a noninducing carbon source such as glycerol.
Role of L-lactaldehyde as an inducer molecule. Attempts to identify the inducer molecule were carried out by adding the aldehyde to cells growing aerobically on a noninducing carbon source. No induction was observed under these conditions, but we would like to stress the toxicity problems, reflected by an immediate cessation of growth, that appeared upon the addition of the aldehyde to a growing culture of cells. To bypass these problems, we used mutant cells unable to produce L-lactaldehyde but able to produce precursor intermediate metabolites during the dissimilation of rhamnose as well as mutant cells able to produce L-lactaldehyde when incubated anaerobically in the presence of the Effect of the addition of rhamnose on the aerobic induction of lactaldehyde dehydrogenase in strain ECL1 and strain ET-6016. Cells of strain ECL1 (0) and strain ET-6016 (0) were grown aerobically on glycerol as described in the text. At zero time, rhamnose was added, incubation was continued, and samples were removed for enzyme activity analysis at the indicated times.
sugar but unable to further metabolize the aldehyde under these conditions, resulting in an increase in its intracellular concentration.
Cells of mutant strain ET-6016 (rhamnose negative, owing to the lack of rhamnulose-1-phosphate aldolase activity), able to produce the intermediate metabolites up to rhamnulose 1-phosphate, and cells of strain ECL1 were grown aerobically on glycerol in parallel. At the late logarithmic phase, 10 mM rhamnose was added to each culture, and incubation was continued at 37°C (Fig. 2) . At various times, aliquots were removed for enzyme activity assays. No induction was present in the mutant cells, even after 24 h of incubation, while wild-type cells induced lactaldehyde dehydrogenase under the same conditions. The entry and metabolism of rhamnose in this experiment with mutant strain ET-6016 were assessed by the cessation of growth upon the addition of the sugar to a growing culture of cells on glycerol, presumably owing to the toxicity of sugar phosphate accumulation (data not shown). In another experiment (anaerobic conditions), cells of strain JA-105, which contains a TnS insertion hindering propanediol oxidoreductase expression, and cells of strains ET-6016 and ECL1 as reference cultures were also grown on glycerol. At the end of the logarithmic phase, 20 mM rhamnose was added, and incubation was continued. Analysis of the aliquots removed at various times (Fig. 3) revealed a four-to fivefold induction of lactaldehyde dehydrogenase, although specific activities were seven times lower than those obtained under aerobic conditions. Reference cultures (Fig. 3) of strain ET-6016, which is unable to produce L-lactaldehyde, showed no induction, and those of strain ECLi, which produces and simultaneously metabolizes L-lactaldehyde, showed a very slight induction.
Location of the regulatory gene for the expression of lactaldehyde dehydrogenase. Strain JA-104 was shown to be a temperature-sensitive mutant unable to utilize L-1,2-propanediol, owing to the absence of lactaldehyde dehydrogenase activity when grown at the restrictive temperature of 420C in the presence of any of the known inducers, namely, rhamnose, propanediol, and glutamate (la). Analysis of the thermostability of the mutant enzyme revealed no differences with respect to the wild-type enzyme (data not shown). In addition, an immunological analysis of lactaldehyde dehydrogenase in cell extracts of strain JA-104 grown at the restrictive temperature revealed a complete absence of the enzymatic protein, indicating that the inability to metabolize L-12-propanediol at this temperature was due to the absence of the enzyme rather than to its stability. The mutation was thus affecting a regulatory gene rather than a structural gene for lactaldehyde dehydrogenase.
The mapping of the genes responsible for propanediol oxidoreductase activity in the fucose locus led us to investigate the possible location in this locus of the regulatory temperature-sensitive mutation affecting lactaldehyde dehydrogenase. To this end, we used strain JA-104 [ald(Ts) fucO(Con)] as the transduction donor and strain ECL289 (ald+), with the markers eno (59.6 min) and argA (60.5 min) flanking fuc+ (60.2 min), as the recipient. Transductants were selected for eno+ and arg+ (growth on glucose without arginine supplementation) and scored for the ability to grow on propanediol at 30 and 42°C. If the ald(Ts) mutation was within the segment of the genome selected, the transductants should have been propanediol negative at 42°C, although growing on propanediol at 30°C. All (98 of 98) of the transductants scored were propanediol positive at 42°C, indicating that ald(Ts) is not between the markers eno and argA.
The recent mapping of mutations affecting lactaldehyde dehydrogenase activity at 31 min by Chen et al. (10) gave us a second possible location for the temperature-sensitive mutation. To check this alternative, we transduced the ald(Ts) mutation in strain JA-104 into strain ECL493 (ald-i trg-2::TnJO). In this cross, 169 transductants were selected by growth on propanediol at 30°C and scored for ald(Ts) by growth on propanediol at 42°C and for the loss of TnlO. All of the transductants analyzed were temperature sensitive for the utilization of propanediol, and 137 of them were tetracycline sensitive. Thus, ald(Ts) was 100% linked with ald-i and 81% linked with trg-2.
Lack of inactivation or degradation of lactaldehyde dehydrogenase under anaerobic conditions. To gain more information on the possible mechanisms of regulation of lactaldehyde dehydrogenase in the aerobic-anaerobic adaptation of wild-type cells, we shifted cultures from one condition to the other condition. Obviously, a shift from anaerobiosis, in which no enzyme was present, to aerobiosis triggered the induction of the enzyme and the appearance of lactaldehyde dehydrogenase activity. On the other hand, cells were grown aerobically on rhamnose until the late logarithmic phase, washed twice, suspended in different media, and incubated under anaerobic conditions. At various times, samples were processed to determine enzyme activity and the presence of enzymatic protein measured immunologically. Enzyme was not inactivated or degraded when analyzed up to 4 h after the shift to minimal-rhamnose medium (Fig. 4) . The same result was obtained when minimal-fucose or minimal-glucose medium was used (data not shown). Deprivation of a nitrogen and sulfate source at the time of anaerobic incubation had no effect on the stability of the enzyme. However, deprivation of a carbon source promoted rapid inactivation, although no degradation of enzymatic protein was apparent (Fig. 4) . The amount of enzymatic protein measured immunologically remained stable up to 24 h (data not shown) under any of the conditions used above.
Inhibition of lactaldehyde dehydrogenase by NADH. The activity of purified lactaldehyde dehydrogenase was analyzed at increasing concentrations of NADH. All assays were carried out with 1 mM glycolaldehyde and 2.5 mM NAD under the standard conditions described above. Fifty percent inhibition was obtained with 0.45 mM NADH, and enzyme activity was virtually zero with 1 mM NADH (Fig.   5 ).
DISCUSSION
Information on the regulation of propanediol oxidoreductase (3, 8, 9) together with the results presented in this report concerning lactaldehyde dehydrogenase permitted us to improve the understanding of the regulatory mechanisms involved in the metabolism of L-lactaldehyde, the branching 0 100 . dehydrogenase occurs under these conditions. Thus, shifting from oxidat,ion of lactaldehyde by lactaldehyde dehydrogenase to re uction of this metabolite by propanediol oxidoreductase ould be explained by the conjunction of at least two factor. One of them is the higher efficiency of propanediol oxidp reductase than of lactaldehyde dehydrogenase in the utiWzation of L-lactaldehyde. This would account for the peferential transformation of L-lactaldehyde to L-1,2-propanediol when both enzymes are present. Actually, the catalytic power (VmaxlKm), as defined by Kelleti and Welch (18) , has a value of 530 for propanediol oxidoreductase and a value of 190 for lactaldehyde dehydrogenase. The other factor to be considered is the decrease in the high intracellular NAD/NADH ratio when the growth conditions change to anaerobiosis (28) , which favors the reduction reaction, while the transient increase in NADH (28) stops the oxidation reaction by inhibiting lactaldehyde dehydrogenase. Estimates of intracellular concentration of NADH close to 1 mM (5, 28, 29) consistently support the physiological role of this inhibition.
Shifting from anaerobic to aerobic conditions promotes an increase in the NAD/NADH ratio, which shifts the oxidation-reduction balance back to the oxidation of lactaldehyde. It has already been pointed out that growth in the presence of inducing carbon sources under aerobic conditions triggers the synthesis of lactaldehyde dehydrogenase if the enzyme is not already present. It is also known that propanediol oxidoreductase is not degraded or inactivated when a carbon source is present and is only inactivated in the absence of a carbon source (J. Aguilar, unpublished results). Hence, the shift toward the oxidation of lactaldehyde under these conditions can only be justified in terms of the NAD/NADH ratio, according to the information available at present.
Finally, in strain JA-104 the effect of the restrictive temperature on the induction of lactaldehyde dehydrogenase rather than on its activity suggests that the temperaturesensitive mutation affects a regulatory gene that has been mapped close to the ald locus at 31 min by P1 transduction. This regulatory gene is apparently shared by the different known inducing carbon sources since, in all cases, inductions are affected by the mutation. The fact that this mutation leads to a negative rather than to a constitutive phenotype suggests a positive control mechanism for lactaldehyde dehydrogenase.
The regulatory protein activates a unique structural gene, as indicated by an analysis of an ethylene glycol-positive mutant that displays, presumably as a consequence of an up-promoter mutation, increased enzyme production with any of the different carbon sources and a simultaneous loss of sensitivity to glucose catabolite repression (la). The structural gene is shared by L-fUcose, L-rhamnose, or other inducing carbon sources, such as glutamate or ethylene glycol (la).
